We design photonic structures embedding different functional molecular systems of photochromic switching and lasing. We study the light absorption of two photochromic molecules and of 4,4'-bis[(N-carbazole)styryl]biphenyl (BSB-Cz) with density functional theory. For the photochromic diarylethene we derivate the refractive index with Kramers-Kronig relations and we design multilayer photonic structures alternating diarylethene with either poly vinyl carbazole or fluorine indium co-doped cadmium oxide (FICO) nanoparticlebased layers. For BSB-Cz we design a one-dimensional photonic crystal alternating BSB-Cz layers wit SiO2 layers and a microcavity embedding BSB-Cz between indium tin oxide (ITO) / FICO nanoparticle-based multilayers.
Introduction
The periodicity in one dimension of the refractive index, at a length scale comparable with the wavelength of light, can be easily obtained by stacking layers of two different materials, resulting in the so called Bragg mirrors, distributed Bragg reflectors, or Bragg stacks [1] [2] [3] . This kind of multilayers can be fabricated with different techniques, such as sputtering [4, 5] , plasma enhanced chemical vapor deposition [6] and spin coating [7] . A large variety of materials can be included as layers in one-dimensional multilayer photonic crystals [8] . For this reason, multilayer photonic crystals are promising for several applications [9, 10] . The inclusion of plasmonic materials can enable wide electrochromic tuning [11] . Also the employment of photochromic molecule-based layers can be promising for colour switching devices, while the use of optical gain molecule-based lasers is a well-establish concept to fabricate distributed feedback lasers [12] [13] [14] . In this work we design multilayer photonic crystals and microcavities including two photochromic molecules reported in Refs. [15, 16] and 4,4'-bis[(N-carbazole)styryl]biphenyl (BSB-Cz) [17] one of the most promising optical gain molecules. We study the optical properties of the three molecules with density functional theory. To extract the complex refractive index of diarylethene we use Kramers-Kronig relations. The multilayer photonic crystals are designed by alternating diarylethene with either poly vinyl carbazole or fluorine indium codoped cadmium oxide (FICO) nanoparticle-based layers. Moreover, we engineer a onedimensional BSB-Cz/SiO2 photonic crystal and a microcavity embedding BSB-Cz between indium tin oxide (ITO) / FICO nanoparticle-based multilayers.
Methods
Density Functional Theory calculations: The molecules have been designed with the Avogadro package [18] . The optimization of the ground state geometry and the calculation of the electronic transitions have been performed with the package ORCA 3.0.3 [19] , using the B3LYP functional [20] in the framework of the density functional theory. The Ahlrichs split valence basis set [21] and the all-electron nonrelativistic basis set SVPalls1 [22, 23] have been employed. Moreover, the calculation utilizes the Libint library [24] . Light transmission through multilayer photonic structures: We employ the transfer matrix method to study the light transmission through the photonic structures [5] . The characteristic matrix of the kth layer, for a transverse electric (TE) light beam is given by
where nk is the refractive index and dk is the thickness of the layer. We underline that the refractive index can be a function of the wavelength. The matrix related to the whole multilayer structure is given by the product
where s is the number of layers. From the M matrix elements we can determine the transmission coefficient
In such expression ns relates to the refractive index of the substrate and n0 relates to the refractive index of air. In this study, we choose = 1.46, which corresponds to the refractive index of glass (neglecting its dependence upon wavelength). From the transmission coefficient we can derivate the light transmission through the multilayer photonic crystal = | | (4)
Results and Discussion
In Figure 1 we show the light absorption spectrum, calculated with the density functional theory, of a photochromic molecule taken from Ref. [15] that in this work we call Irie1. Irie1a (solid black curve in Figure 1 In Figure 2 we show the calculated light absorption of a photochromic molecule taken from Ref.
[16] that we call diarylethene1. Diarylethene1a (solid black curve in Figure 1) refers to the open form of the molecule, while diarylethene1b (dashed-dotted red curve in Figure 1 ) refers to the close form of the molecule. Also, for the diarylethene1 molecules we report in the optimized geometries in the Supporting Information. As expected, we observe the red shift of the lowest transition for the closed forms of Irie1 and diarylethene1. From the absorption in Ref. [16] we can extract the oscillator strength [25] :
with ( ) the molar absorption of the ith band (fit from the experimental absorption curve).
With fi we can extract the complex part of the dielectric permittivity [26] :
where e is the electron charge, the vacuum dielectric permittivity, me the electron mass, Nm is the volume density of excited species, ( ) the spectral shape of the fit bands from the absorption spectrum. Considering the refractive index and a complex function, we can recall the Kramers-Kronig relations [27] :
that can be written also for the dielectric permittivity:
The Kramers-Kronig relationships are actually Hilbert transforms [28] . Thus, from the extracted imaginary part ( ) we can derivate the real part ( ). In the case of diarylethene, for real part of we can used a constant offset of 2.25 as in Ref. [29] . We design a one-dimensional multilayer photonic crystal by alternating layers of diarylethene1 with layers of poly vinyl carbazole (PVK). The wavelength dependent refractive index of PVK is taken from Refs. [8, 30, 31] and can be written as 
with λ in micrometers. The thickness of the diarylethene1 layers is 30 nm while the thickness of the PVK layers is 129 nm. The number of diarylethene1/PVK bilayers is 30. We show the light transmission of this multilayer photonic crystal in Figure 4 , with the solid black curve corresponding to the crystal with diarylethene1a (open form) and the dotted-dashed red curve corresponding to the crystal with diarylethene1b (closed form). We observe the red shift of the photonic band gap. We also design a multilayer photonic crystal in which diarylethene1 layers are alternated with fluorine indium co-doped cadmium oxide (FICO) nanoparticle-based layers. We describe the plasmonic response of FICO nanoparticles with the Drude model [32] . Within the model, the frequency dependent complex dielectric permittivity of the material can be written as:
In which
and
is the plasma frequency and  is the free carrier damping. The plasma frequency is written as = * (17) In this expression N is the number of charges, e the electron charge, * the effective mass and the vacuum dielectric constant. For FICO, we use = 1.68 × 10 ℎ ⁄ and * = 0.43 ⁄ , a free carrier damping Γ = 0.07, and a high frequency dielectric constant, = 5.6, is taken from [33, 34] .
Since each layer of the photonic structure is made of necked nanoparticles, to determine the effective dielectric permittivity of the FICO:air layer (we call it , ) we employ the Maxwell Garnett effective medium approximation [35, 36] :
in which is the filling factor of the FICO nanoparticles (in this study we choose a filling factor of 0.6). The photon energy dependent complex refractive index of the FICO:air layer is extracted considering that , = , . In Figure 5 Multilayer photonic structures with an active material as layer can be very interesting for solidstate lasers. We calculate with DFT the absorption spectrum of BSB-Cz, one of the most promising organic materials for lasing [37, 38, 17] . In this calculation, vibrational levels are neglected. With respect to the experimental absorption spectrum of BSB-Cz as in Ref. [38] , there is a mismatch with the electronic transitions at lower energies. We use the experimental complex refractive index of BSB-Cz measured in Ref. [38] . In this way we can design a 1D photonic crystal made by alternating layers of BSB-Cz and silicon dioxide. For silicon dioxide we use the following Sellmeier equation [ 
The photonic crystal is made of 10 bilayers of BSB-Cz and SiO2. The thickness of the BSB-Cz layers is 11 nm while the thickness of SiO2 layers is 260 nm. We describe also the plasmonic response of ITO nanoparticles with the aforementioned Drude model. For ITO, we use = 2.49 × 10 ℎ ⁄ and * = 0.4 ⁄ , and a free carrier damping Γ = 0.1132 [34, 41] . The value of the high frequency dielectric constant, = 4, is taken from [35] . To determine the effective dielectric permittivity of the ITO:air layer we employ the Maxwell Garnett effective medium approximation as for FICO:air layers. In this structure, for both ITO:air layers and FICO:air layers we use a filling factor of 0.65. The thickness of the BSB-Cz film is 62.2 nm, the ITO layer thickness is 88.74 nm and the FICO layer thickness is 62.61 nm. We design the microcavity in order to have the cavity mode at 480 nm, where lasing of BSB-Cz has been demonstrated (with indications of current-injection lasing) [17] . We choose ITO and FICO nanoparticle-based layers since they have a good conductivity [42, 43] and they could in principle ensure charge injection in BSB-Cz. 
Conclusion
In this work we study the light transmission properties of one-dimensional multilayer photonic structures that include layers of molecules with interesting properties as photochromism and optical gain. After studying via DFT the absorption spectra of two photochromic molecules (Irie1 and diarylethene1), we have designed multilayer photonic crystals alternating layers of diarylethene1 and PVK, or diarylethene1 and FICO. In these structures we observe a shift of the photonic features for the open form and close form of diarylethene1. We have also designed a multilayer photonic crystal alternating BSB-Cz and SiO2, and a microcavity in which BSB-Cz is sandwiched between two photonic crystals made with ITO and FICO nanoparticle-based layers. These photonic structures can be interesting for colour switches, in the case of the photochromic molecules, and for solid-state lasers, in the case of BSB-Cz. 
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